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ABSTRACT
We present a multiple population search in two old Large Magellanic Cloud (LMC)
Globular Clusters, Hodge 11 and NGC 2210. This work uses data from the Advanced
Camera for Surveys and Wide Field Camera 3 on the Hubble Space Telescope from
programme GO-14164 in Cycle 23. Both of these clusters exhibit a broadened main
sequence with the second population representing (20± ∼ 5)% for NGC 2210 and
(30± ∼ 5)% for Hodge 11. In both clusters, the smaller population is redder than
the primary population, suggesting CNO variations. Hodge 11 also displays a bluer
second population in the horizontal branch, which is evidence for helium enhancement.
However, even though NGC 2210 shows similarities to Hodge 11 in the main sequence,
there does not appear to be a second population on NGC 2210’s horizontal branch.
This is the first photometric evidence that ancient LMC Globular Clusters exhibit
multiple stellar populations.
Key words: (galaxies:) Magellanic Clouds – galaxies: star clusters: individual (Hodge
11, NGC 2210)
1 INTRODUCTION
Globular clusters (GCs) are among the oldest objects in the
Universe. GCs are assumed to be major building blocks of
galaxies, with many pre-dating their host and forming at
very low metallicities. In order to relate GC properties to
the host galaxy’s history, we first need to understand the
formation of GCs. As our understanding of GCs has become
? E-mail: christina.k.gilligan.gr@dartmouth.edu
more sophisticated, however, it has lead to more questions
about their properties and formation, as we find GCs are
more complex than previously believed.
It had been thought that GCs were single, Simple Stel-
lar Populations and therefore were able to be described by
a single isochrone. This has been proven to not be the case.
Nearly every Galactic GC studied photometrically or spec-
troscopically exhibits some degree of multiple populations
(Bastian & Lardo 2018). The key features of these multiple
populations are: the populations are close in age, there are
© 2015 The Authors
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anti-correlations between O-Na, C-N, e.g., but rarely dif-
ferences in Fe abundances (Carretta et al. 2009a), and the
populations appear to be discrete. The Advanced Camera for
Surveys (ACS) Globular Cluster Survey project (Sarajedini
et al. 2007) allowed a very detailed and homogeneous study
of many Galactic GCs that had never been achieved before.
Ages and distances were measured to a less than 10% preci-
sion as done in Mar´ın-Franch et al. (2009), Wagner-Kaiser
et al. (2017a), VandenBerg et al. (2013), Dotter et al. (2010),
and others. One discovery in the project was the evidence for
multiple populations in the Galactic GC NGC 1851 (Milone
et al. 2008).
The formation mechanism for multiple populations in
GCs is still difficult to explain and account for the vast va-
riety of observational constraints. Proposed creation mecha-
nisms include fast rotating massive stars, massive interacting
binaries, supermassive stars, and AGB stars. All of these for-
mation scenarios suffer serious drawbacks. Interested readers
are directed to Renzini et al. (2015) and Bastian & Lardo
(2018) for a in-depth discussion of the successes and failures
of each formation mechanism. One of the main issues with
fast rotating massive stars and massive interacting binaries
is that they do not produce discrete multiple populations.
The AGB pollution mechanism’s main drawback is getting
the AGB pollution abundances to match the abundances
found in the other populations. None of the current scenar-
ios are able to fully explain the observations.
Split main sequences (MS) have been found in many
massive Milky Way (MW) GCs (e.g. Piotto et al. 2007; An-
derson et al. 2009; Milone et al. 2012c). There have also
been recent studies looking at young, massive LMC GCs
where researchers found evidence for photometric multiple
populations in these GCs (e.g. Milone et al. 2016, 2017).
A few studies have been done for GCs in the SMC includ-
ing Niederhofer et al. (2017a), Niederhofer et al. (2017b),
and Martocchia et al. (2017) which examine five SMC GCs
of varying ages. Through photometry, the authors find that
four out of the five GCs exhibit multiple populations. The
clusters with multiple populations were either old or inter-
mediate age (∼ 6 Gyr). The one SMC cluster examined that
did not have evidence for multiple populations is around 1.5
Gyr.
In Martocchia et al. (2018), six LMC GCs with ages
ranging from about 1.5-11 Gyr are analysed. All of the clus-
ters older than 2 Gyr exhibit multiple populations, while
clusters younger than this typically do not. The apparent
strong dependence of multiple populations on age implies
that there is some evolutionary effect causing the multiple
populations, along with environmental effects.
Some old LMC GCs have been studied spectroscopi-
cally, including Hodge 11 and NGC 2210 which are discussed
here. Mateluna et al. (2012) analysed four stars in Hodge 11
and found a [Na/Fe] range between -0.37 and 0.03 dex. NGC
2210 has been previously studied in Mucciarelli et al. (2010)
and Mucciarelli et al. (2009). These two studies along with a
third study (Mucciarelli et al. 2008) showed that NGC 2210
and the other LMC GCs examined are similar to Galac-
tic GCs in that they have Na-O anticorrelations, which is
primary evidence for the presence of multiple populations in
these clusters. The authors also found that similarly to most
MW GCs, old LMCs are α-enhanced.
However, until this work, there have been no photomet-
ric studies of the oldest LMC GCs designed to detect mul-
tiple populations, and so it is not clear if multiple popula-
tions are a ubiquitous feature of GC formation, or something
unique to the MW. This work examines ancient LMC GCs in
a similar manner as the ACS Globular Cluster Survey, with
homogeneous photometry of six LMC GCs with the Hubble
Space Telescope (programme GO-14164 in Cycle 23).
2 OBSERVATIONS AND DATA REDUCTION
There are 15 known ancient (∼ 13 Gyr or older) GCs in
the LMC (Mackey & Gilmore 2004). The six LMC GCs ex-
amined in this project are far from the bar of the LMC,
with the two clusters analysed in this paper (NGC 2210 and
Hodge 11) being ∼ 4 deg from the bar. For the interested
reader, Figure 1 of Wagner-Kaiser et al. (2017b) shows the
spatial configuration of these LMC GCs. We avoided clusters
superimposed on the LMC bar due to the effects of crowd-
ing becoming too large to obtain high-quality photometry
of faint main sequence stars, which is required for studies of
multiple populations.
A complete description of the photometry and data re-
duction are presented in (Mackey et al. 2019). These data
were taken with the Hubble Space Telescope (GO-14164)
over 54 orbits. The goal was to achieve a similar set of data
for these LMC GCs as was achieved for Galactic GCs in
the ACS Globular Cluster Survey (Sarajedini et al. 2007).
Sources are reliably detected as much as 5 mag faintward
of the MSTO in F336W. This can be seen in Figures 1 and
2. The total exposure times of each GC is on the order of
20,000 s. The photometry was reduced using Dolphot (Dol-
phin 2000).
The filters used in this work are F336W, F606W, and
F814W, are broadband filters that can be used to deter-
mine a GC’s age and distance, and are used in techniques
such as main sequence fitting using subdwarfs (e.g. Cohen
& Sarajedini 2012; O’Malley et al. 2017). The F336W fil-
ter is sensitive to NH and CN lines, making F336W-F606W
and F336W-F814W colours potential indicators of the pres-
ence of multiple populations. However, the F336W alone
is not ideal to uncover multiple populations. The F275W
and F438W filters are faint in O and C rich stars while the
F336W filter is bright in these stars (Piotto et al. 2007). The
opposite is true for N rich stars. Since F606W and F814W
are not strongly affected by these abundances, we only have
the effects of the multiple populations in the F336W and
therefore are not able to maximize the spread in colour with
our possible filter combinations. The F275W, F3336, and
F438W form a ‘magic trio’ of filters which is optimally suited
to disentangle the multiple populations that are due to CNO
variations (Piotto et al. 2015). However, for this work, the
F275W and F438W filters were not requested because they
require triple the number of orbits to achieve the same pho-
tometric quality as the selected filters.
3 DATA ANALYSIS
It appears that the MS of the two clusters are broadened,
specifically when the F336W filter is used. This can be seen
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(a) (b)
Figure 1. Full CMDs of Hodge 11 for the F336W-F814W color (a) and the F606W-F814W color (b). These CMDs are the result of our
data cleansing pipeline.
(a) (b)
Figure 2. Full CMDs of NGC 2210 for the F336W-F814W color (a) and the F606W-F814W color (b). These CMDs are the result of
our data cleansing pipeline.
by comparing Figure 1 to Figure 2. To examine this fur-
ther, we used a data cleansing process that follows proce-
dures similar to those described in Milone et al. (2012b).
The purpose of cleansing the data is to recover the most
precise median ridge line of the MS as possible. We need
a precise median ridge line for two reasons: to correct for
differential reddening or un-modeled PSF variations and to
straighten the colour-magnitude diagram (CMD) along the
median ridge line of the MS. These straightened diagrams
make it easier to visualize the presence of multiple popula-
tions.
In order to obtain the most precise median ridge line
for our LMC clusters, we clean our data by keeping only
the stars which have small photometric uncertainties in all
three filters, F336W, F606W, and F814W. The photometric
uncertainties are estimated using artificial star tests. The ar-
tificial star tests were done in a large series of runs to ensure
the increased crowding did not significantly affect the pho-
tometry. It was found that Dolphot underestimates the true
photometric uncertainties for most stars. These tests are de-
scribed further in Mackey et al. (2019). We do not want to
preferentially remove stars that are faint and subsequently
have inherently larger errors, so the median uncertainty is
calculated as a function of magnitude and stars above some
multiplicative value of the median are removed. This multi-
plicative cut-off is individually varied for each filter in each
cluster to achieve the tightest CMD, but is usually around
4 σ, though the exact cut-off used does not affect the final
results. Stars near the boundary of the chip are measured
fewer times and therefore are preferentially removed by this
process. These methods remove around a quarter of the total
number of measured stars.
We determine a median ridge line for each cluster/filter
combination using a rotated histograms method first de-
scribed in (Mar´ın-Franch et al. 2009). The stars are divided
into magnitude bins, whose width is varied from 0.1 to 0.3
mag in order to find the best fit. The overlap between the
bins is 0.05 mag. The median of each bin is computed and a
MNRAS 000, 1–11 (2015)
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rotated colour-magnitude coordinate system is used so that
the stellar sequence is straightened based on the initial medi-
ans. A new set of median points in these rotated coordinates
is found using the same bin parameters as above.
As discussed in Milone et al. (2012b), geometric vari-
ations in the PSF lead to systematic errors in determining
the magnitude of stars, and these errors are correlated with
position. Hence, stars which are close to each other exhibit
similar systematic errors. In order to correct for these sys-
tematic errors, we use the 50 closest MS stars on the chip (in
other words, in pixel space) for each star and compute all of
their shifts in magnitude as compared to the MS ridge line.
If there is no bias on the chip nor differential reddening in
the cluster, the median of all these distances should be zero.
We correct the magnitude of each MS star by the median of
the difference in magnitude between the 50 closest MS stars
and the ridge line. This is repeated for all three colours. The
full, cleansed, CMDs for Hodge 11 and NGC 2210 are shown
in Figures 1 and 2. To more easily see the effect of the data
cleansing process, the initial and corrected MS of Hodge 11
is shown in Figure 3. The left panel is the initial MS and the
right panel is the cleaned MS.
The data are noticeably tighter after our corrections.
The result for NGC 2210 is Figure 4. Figures 5 and 6 show
the magnitude of these colour shifts as a function of chip
position. While the largest changes are on the order of ±0.1
mag, the median and average of these changes are only
around ±0.025 mag.
We wish to test whether a multiple populations scenario
can provide a good description of the data, so we fit two
populations to the cleaned data using a linear least squares
method. This is shown for each cluster in Figures 7 and 8 for
several magnitude bins. The weight parameter, w, is given
by Equation 1.
f = (1 − w) exp
(
−(x1 − µ1)
2
2σ21
)
+ w exp
(
−(x2 − µ2)
2
2σ22
)
(1)
where x is the center, µ is the mean and σ is the stan-
dard deviation of each Gaussian population.
The weight factor’s precise value is somewhat uncertain.
When the two populations’ means (µ1 and µ2) are too close,
the weight factor has some degeneracy in the fitting. There-
fore, the weight factor is not well constrained by our data,
but is indicative of a relative size of the second population.
The two-population Kolmogorov-Smirnov (KS) test is a
statistical measure of the likelihood that two sets of data are
drawn from the same population. We create a Monte Carlo
simulation of a set of stars with the same luminosity function
as the cluster over a grid of parameters (µ, σ, x2). We use
the two-population KS test to compare the model with the
data. The model with the highest confidence of being drawn
from the same population is nearly the same as derived using
the linear-least squares method. The confidence for these
parameters is nearly always greater than 99%.
Besides multiple populations, there are two other pos-
sible reasons that this red population exists: photometric
errors and binary systems. To test if the spread is due to
binaries, we select stars that are much redder or bluer than
the median in the f(336-814) straightened CMD and colour
code these stars as red or blue in all three diagrams, shown
Figures 9 and 10. We expect that binary star systems would
appear to be redder in all colours since the luminosity is in-
creased but the colour is only weakly, if at all, changed. We
adopt a definition of a binary star to be brighter than the
median ridge line by at least 0.35 mag in all three colour-
magnitude combinations. This technique for disentangling
a redder secondary population from the binaries was devel-
oped for NGC 1851 (Cummings et al. 2014). 10% of the main
sequence stars in Hodge 11 are in binary systems and 12%
are for NGC 2210 using this parameter. This number does
not fully account for the extended red sequence exhibited by
both clusters.
Because it is hard to disentangle binaries with small
mass ratios from a single star, we create a Monte Carlo sim-
ulation in order to see whether this extended main sequence
is solely due to binary star systems. Using Milone et al.
(2012a) as a reference, the simulation creates a set of stars
with the same luminosity function as the two clusters. We
then add in binary star systems that follow a flat distribu-
tion in colour up to 0.7 mag brighter than the median ridge
line. The result for one magnitude bin is shown in Figure 11.
None of the histograms created in this simulation match the
features found for these two clusters. The tails of the dis-
tributions are smaller in amplitude and less extended than
our data and are better fitted using a one population model
than a two population model. A two-population KS test is
run, showing that the binary simulation model and our data
are not drawn from the same distributions with a greater
than 98% certainty.
An open question about GC populations is the radial
distribution of the first and subsequent populations. For-
mation scenarios that involve massive stars, either rotating
massive stars or AGB stars, are believed to produce a cen-
trally located second population compared to the original
(Larsen et al. 2015). One reason is due to mass-segregation in
GC. Some work, including Milone et al. (2012b) and Larsen
et al. (2015), supports this assumption and find that the sec-
ond population is centrally located. However, in an analysis
of NGC 6362, Dalessandro et al. (2018) find that the pri-
mordial population can be located more centrally than the
second population. However, due to the mixing time scales
of GCs being relatively short, it is possible that after 1-2
Gyr the two populations are fully mixed.
With this in mind, we examine each cluster with varying
radial cuts. We examine their CMDs and histograms with
respect to the radial cuts. The F336W-F606W radial cut is
shown for Hodge 11 in Figure 12. The first panel is with a
cut of within 500 pixels of the centre of the cluster while the
second panel is with a 2000 pixel cut. The stars that were
removed in the data cleansing process are also not included.
It is clear that there are many more field stars when stars
further from the centre of the cluster are included. Many
apparent blue straggler stars are mainly seen on the outskirts
of the cluster. These stars could be true blue stragglers, LMC
field stars, or most unlikely, MW foreground stars.
A radial cut based on cluster position is only significant
for histograms of NGC 2210; including this cut for the Hodge
11 histograms had no measurable effect. The purpose of this
cut is to remove field stars and other non-cluster members.
Stars toward the higher stellar density cluster centre were
preferentially removed by the data cleansing pipeline causing
the“hole” in Figure 6. Overall, increasing the cluster size had
an effect of up to 9% difference in the size of the secondary
MNRAS 000, 1–11 (2015)
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(a) (b)
(c)
Figure 3. For Hodge 11, the resulting CMDs of our data cleansing pipeline. The panel on the left of a, b, and c is the before CMD and
the panel on the right is the after CMD. It is clear that the CMD is noticeably tighter after removing stars with high errors and shifting
stars based on expected colour as described in the text.
population for a given colour and magnitude bin as shown
in Figure 13. However, the overall size of the secondary pop-
ulation using all of the various histograms stays in the same
range. The errors of the secondary population of NGC 2210
includes the uncertainty in the size of the secondary pop-
ulation due to positional effects. For Hodge 11, there was
no difference in population size based on radial cut so it
does not affect the overall uncertainty. For F336W-F606W,
this increase caused the weight of the second population to
fall. However, for F336W-F814W, the second population’s
weight actually increased.
To check the robustness of our data cleansing process,
we repeat this analysis with other clusters examined previ-
ously and compared the results. NGC 6397 has a split main
sequence (Milone et al. 2012c). Running this cluster’s pho-
tometry through our procedure produces results that match
what is demonstrated in Milone et al. (2012c). We then ap-
ply a degradation of the data so that the errors are similar
to our data. Errors from both NGC 2210 and Hodge 11 are
used to degrade the photometry, but since their photometric
errors are similar, we find no difference between the two in
the final result. Figure 14 is an analogue of the sidebar of
Figure 8 from Milone et al. (2012c). The peak of the second
population is less defined than in the original photometry.
The second component in the original work is around 29%
± 3% of the total population while our reduction puts it at
40%.
4 MAIN SEQUENCE RESULTS
Both NGC 2210 and Hodge 11 main sequences show evi-
dence for multiple populations of stars. The other population
is redder for both clusters. The effects of multiple chemical
abundances on isochrones are difficult to predict without the
use of stellar models and are only as accurate as these stel-
lar models. An obvious effect is that by enhancing a star
with helium and therefore increasing the star’s mean molec-
ular mass, the hydrogen burning rates are increased (Salaris
& Cassisi 2005). Adding to this effect, helium also has a
lower opacity than hydrogen, decreasing the opacity. More
importantly, these lower opacities cause the star to be more
compact at a given mass, leading to higher effective tem-
MNRAS 000, 1–11 (2015)
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(a) (b)
(c)
Figure 4. For NGC 2210, the resulting CMDs of our data cleansing pipeline. The panel on the left of a, b, and c is the before CMD and
the panel on the right is the after CMD. It is clear that the CMD is noticeably tighter after removing stars with high errors and shifting
stars based on expected colour as described in the text.
peratures, decreasing a star’s lifetime. A complicating issue
is that a variety of elements can be enhanced or depleted.
In observational studies of Milky Way GCs, the effects of
these enhancements affect the observed colours in different
ways that are not easy to predict. For example, in a study
of 47 Tuc ([Fe/H]=-0.76±0.02 (Carretta et al. 2009b) ), he-
lium enhancement of 0.04 and nitrogen enhancement along
with oxygen depletion has an effect on the F606W-F814W
colour but not on the F336W-F814W colour in one scenario
(Milone et al. 2012b). However, the spread in the MS in the
F606W-F814W colour is expected to be 0.02 mag, which is
quite small. In another case for NGC 6397 ([Fe/H]=-2.0),
helium and nitrogen enhancements of 0.02 do not show an
offset in the F606W-F814W colour but an offset of 0.05 mag
in the F336W-F814W colour, in direct contrast with the
previous cluster (Milone et al. 2012c).
We can compare these results to previous analyses of
multiple populations, as was done for NGC 1851 in Cum-
mings et al. (2014) and Cummings et al. (2017). In Cum-
mings et al. (2014), the authors perform a photometric anal-
ysis of NGC 1851 and discover a second, similar, and redder
population on the MS as we have for Hodge 11 and NGC
2210. This is consistent with what was measured spectro-
scopically (Cummings et al. (2017) and references therein).
The secondary population in NGC 1851 is C- and O-poor
while N-rich and slightly enhanced in He. However, the lack
of a distinct second population in the horizontal branch (HB)
in NGC 2210 shown below indicates that NGC 2210 does
not have a large difference in He abundance. Hodge 11 does
show more evidence for multiple populations in the HB, but
not as much as NGC 1851, indicating that there is some He
enhancement but not as much as is seen in NGC 1851. Cum-
mings et al. (2017), however, illustrated that a split MS of
these characteristics can easily result from CNO differences
alone. Nonetheless, only a spectroscopic analysis will defini-
tively show the abundance patterns of both of our GCs.
5 RED GIANT BRANCH RESULTS
The red giant branch (RGB) in these old GCs is character-
ized by low mass stars with a hydrogen burning shell around
their helium core. Nearly all GCs have been shown to have
MNRAS 000, 1–11 (2015)
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(a) (b)
(c)
Figure 5. For Hodge 11, the colour shift applied to each star. It is calculated by taking the 50 nearest stars’ distances to the median
ridge line which is then applied to the star.
split RGBs, especially when the ‘magic trio’ of filters are
used. This includes 47 Tuc (Milone et al. 2012b), which has
a colour spread of 0.1-0.2 dex in the F275-F336W colour.
Their other colour combinations are not ideal to detect an
RGB split caused by varying content of light elements. This
means that in the colour combinations that we have access
to in this work, the intrinsic spread in the RGB should be
quite small, despite the presence of multiple populations.
RGB branches with their median ridge line are shown in
Figures 15 and 17 while the straightened CMDs are shown
in 16 and 18. The histogram analysis showed no evidence
for a distinct second population in either of these clusters.
However, it does seem that the F336W-F606W and F336W-
F814W colours are wider than the F606W-F814 colour even
after considering photometric errors. A more thorough dis-
cussion of the RGBs for our clusters is presented in Mackey
et al. (2019).
6 HORIZONTAL BRANCH RESULTS
Both Hodge 11 and NGC 2210 have wide MS populations,
as shown above. One may naively believe that this means
they contain multiple populations with similar properties.
However, by looking at each of their horizontal branches
(HBs), it is clear that the clusters are quite different from
each other. We perform isochrone fitting on each cluster us-
ing a wide array of isochrones, changing the age, metallicity,
and helium abundance. Previous work (Wagner-Kaiser et al.
2017b) was used for starting properties, but the best fit-
ting isochrones do vary from that work. The final isochrones
chosen for Hodge 11 and NGC 2210 are from the Dart-
mouth Stellar Evolution Program (DSEP) (Dotter et al.
2008). These isochrones provide a good fit to the shape of
the main sequence and turn-off region. The distance modu-
lus and reddening are then used to shift the ZAHB from the
corresponding set of models.
Helium has two contrasting effects on a HB star. At
a given age, more helium-rich stars evolve faster, thus the
mass evolving on the RGB belonging to a population en-
riched in helium is lower; this causes, on average, smaller
masses of the envelope on the HB, which generally leads to
lower luminosities. On the other hand, the higher the helium
content, the higher the molecular weight of the H-burning
MNRAS 000, 1–11 (2015)
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(a) (b)
(c)
Figure 6. For NGC 2210, the colour shift applied to each star. This is with a 2000 radial pixel cut. It is calculated by taking the 50
nearest stars’ distances to the median ridge line which is then applied to the star. Using a similar cut on Hodge 11 did not change the
results and therefore are not performed.
shell. This renders the shell more efficient, thus leading to
higher HB luminosities.
Theoretical HB models were constructed with the
BaSTI code (Pietrinferni et al. 2006), as the Dartmouth
code (used for the main sequence fitting) encountered nu-
merical difficulties in evolving metal-rich HB models. The
BaSTI isochrones did not provide a good fit to the shape of
the main sequence, making it difficult to use them to esti-
mate the distance modulii and reddenings to the clusters.
This mismatch between the main sequence and HB mod-
els could be of concern, but a detailed comparison of the
Dartmouth and BaSTI models show that they are in gen-
eral, in fairly good agreement with each other (e.g. Joyce &
Chaboyer (2015)). Since we are not performing detailed fits
to the observed HB, this mismatch between the models used
on the main sequence and the HB has a minimal impact on
our qualitative discussion below.
We plot BaSTI (Pietrinferni et al. 2006) HB models
with varying He abundances to see where they lie in rela-
tion to the HBs. Varying model ages and metallicities did not
reproduce the features seen in the HBs of the two clusters.
The result for Hodge 11 is shown in Figure 19 Panel (a) and
for NGC 2210 in Panel (b). The red ZAHB has a primordial
helium abundance (0.25 dex) while the green is enhanced by
0.03 dex and the blue by 0.1 dex. There seems to be a 0.1
dex enhanced helium component for Hodge 11 while there is
no enhanced population for NGC 2210. The most interesting
aspect is that these two clusters’ main sequences seem quite
similar but their HBs are quite dissimilar. While Hodge 11
shows evidence of a He enhanced population, NGC 2210’s
wide sequence does not seem to be He enhanced. This is
similar to NGC 1851 (Cummings et al. 2017) as mentioned
earlier. NGC 1851 shows a stronger separation in the two
populations on the HB, indicating that Hodge 11 has lesser
He enhancement than NGC 1851, but it is still present. How-
ever, this is hard to reconcile with the redder MS of Hodge
11. If there was only He enhancement, the secondary popula-
tion would actually be bluer than the primordial population.
It is likely that CNO variations are overpowering the effect
of the He difference in the F336W. However, further work,
principally spectroscopic, needs to be performed to deter-
mine the precise abundance differences in these two GCs.
MNRAS 000, 1–11 (2015)
Multiple Populations in Hodge 11 and NGC 2210 9
(a) (b)
(c)
Figure 7. For Hodge 11, a selection of histograms. There is a clear red tail in the F336W-F606W and F336W-F814W colours. It is not
present in the F606W-F814W colour. The weight parameter is described in Equation 1.
7 CONCLUSION
A detailed multiple population search in the old LMC GCs
Hodge 11 and NGC 2210 found that both clusters exhibit
a second MS population, with populations of 10% and 18%
respectively after accounting for binary contamination. In
addition, Hodge 11 also shows evidence for multiple popu-
lations in its HB. NGC 2210’s HB does not show evidence
for multiple populations, in spite of the similarity in the MS.
This is the first photometric evidence that these ancient GCs
in the LMC have multiple stellar populations. The RGB in
the clusters also show some evidence of multiple populations.
However, without spectroscopy, the chemical differences of
the multiple populations cannot be known.
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(a) (b)
(c)
Figure 10. For NGC 2210, red and blue stars. The red and blue stars were defined from the f(336-814) versus F606W straightened
CMD. We plot these same red and blue in the other panels. This is a check of binary contamination. Binaries would appear redder in
every colour. Clearly there is some binary contamination as expected, but this is not the only cause of the excess of red stars.
(a) (b)
Figure 11. Binary simulation results for Hodge 11. The true histogram for Hodge 11 is shown in Panel (a). Using the primordial
sequence, we create a simulated histogram in Panel (b). We also add in binary star contamination. Comparing Panels (a) and (b), it is
clear that adding in binaries does not create a distribution that is similar to the data.
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(a) (b)
Figure 12. Panel (a) shows the CMD for Hodge 11 for a 500 pixel radial cut while Panel (b) shows the same CMD but with a 2000
pixel cut.
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(a) (b)
(c) (d)
(e)
Figure 13. For NGC 2210, a selection of histograms with a cluster size of 2000 pixels. There is a clear red tail in the F336W-F606W
and F336W-F814W colours. It is not present in the F606W-F814W colour. The weight parameter is described in Equation 1.
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(a) (b)
Figure 14. Results of the degradation of the photometry of NGC 6397. These histograms are an analogue to Figure 8 from Milone et al.
(2012c). The yellow Gaussian is the primoridal population while the red Gaussian is the second generation.
MNRAS 000, 1–11 (2015)
16 Gilligan et al.
(a) (b)
(c)
Figure 15. These three panels show the colour-magnitude diagrams of the red giant branch (RGB) of Hodge 11 with the median ridge
line shown in red.
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(a) (b)
(c)
Figure 16. These three panels show the straightened CMDs of Hodge 11 with respect to the median ridge line shown with characteristic
errors in cyan. The error bars are present but are very small.
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(a) (b)
(c)
Figure 17. These three panels show the colour-magnitude diagrams of the red giant branch (RGB) of NGC 2210 with the median ridge
line shown in red.
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(a) (b)
(c)
Figure 18. These three panels show the straightened CMDs of NGC 2210 with respect to the median ridge line shown with characteristic
errors in cyan. The error bars are present but are very small.
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Figure 19. HB models of varying helium content from BaSTI using parameters found from an isochrone fit. For NGC 2210, the main
clump of stars falls close to the primordial helium isochrone. The stars that lie above this clump do not seem to form a sequence and
therefore are most likely not due to multiple populations. For Hodge 11, there are likely two different populations, one with a primordial
helium abundance and the other enhanced by 0.1 dex.
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